INTRODUCTION
============

Fluorescence microscopy is a powerful tool for biological research ([@R1]). Beyond imaging molecules in bulk, its high specificity and sensitivity allow the detection of single biomolecules ([@R2], [@R3]). This is usually achieved with fluorescent tags, such as genetically encodable fluorescent proteins ([@R4], [@R5]), organic dyes, or inorganic fluorescent nanoparticles ([@R6]). While fluorescent proteins can be coexpressed with the target protein of interest, organic and inorganic dyes need to be coupled, for example, to antibodies, small molecules, or DNA to specifically label targets such as proteins or nucleic acids ([@R7]).

A major advantage of fluorescence microscopy is the possibility of simultaneously detecting and identifying multiple molecular species in one sample by using spectrally distinct fluorescent tags (colors). However, this so-called multiplexed detection is typically restricted by the number of unambiguously detectable spectral colors in the visible range; the broad emission spectra of organic fluorophores limit spectral multiplexing to about four to five dyes.

Thus, fluorescence microscopy is in need of novel types of programmable tags, which allow the unambiguous detection of ideally hundreds of distinct target species while maintaining the desired properties of "classical" dyes, such as their nanoscale size and target labeling capabilities. However, only limited success toward programmable molecular tags has been achieved so far ([@R8]--[@R10]), mainly because of the lack of independent and precise control of properties, such as intensity, color, size, and molecular recognition.

Here, we introduce a general framework for engineering sub--100-nm--sized tags with digitally tunable optical properties, such as brightness and color, using tools from DNA nanotechnology ([@R11]--[@R16]). Each tag is composed of multiple organic fluorophores, organized in a spatially controlled fashion in a compact subdiffraction volume. This makes the composite fluorophore tag appear similar to a traditional organic fluorophore when visualized under a diffraction-limited microscope. Inspired by the definition of metamaterials, we therefore call this tag a metafluorophore.

However, unlike a traditional organic fluorophore, this metafluorophore has digitally and independently tunable optical properties, such as intensity levels and color mixing ratios. To construct these particles, we use DNA nanostructures as a platform to organize organic fluorophores in a subdiffraction volume. A great variety of fluorescent nanoparticles have been constructed by doping or filling a suitable carrier \[for example, silica nanoparticles (SiNP), polystyrene particles, hydrogels, and dendrimers\] with fluorophores ([@R17]) and have been used in diverse bioimaging applications. In contrast to these previous fluorophore-decorated nanoparticles, the DNA nanostructure--based metafluorophore has the unique advantage of enabling digitally tunable control of the exact copy number of the fluorophores over a large dynamic range (one to hundreds) and digitally precise control of the color ratio as well as the spatial arrangement of these fluorophores.

This independent tunability of both intensity and color enables the construction of more than 100 well-defined metafluorophores. An intensity-based multiplexing approach expanded with combinations of multiple colors can thus overcome the limitations of spectral multiplexing, and the metafluorophores can serve as nanoscale intensity codes (analogous to "barcodes" and hereafter referred to as such) for high-content imaging.

Traditionally, there have been several ways to create unique barcode signatures based on properties such as geometry ([@R10], [@R18]--[@R26]) and intensity ([@R8]--[@R10], [@R25], [@R27]--[@R31]). Geometrical barcoding is achieved by spacing distinct fluorescent sites beyond the spatial resolution of the used imaging system (that is, \>250 nm for diffraction-limited systems and \>20 to 40 nm for super-resolution systems). In combination with spectrally distinct fluorophores, combinatorial labeling exponentially increases the number of distinguishable barcodes. However, geometrical barcoding leads to an increased label size due to the necessity of spacing fluorophores sufficiently apart for accurate detection of the spatial pattern of the barcode. So far, only a few submicrometer barcode systems based on geometry or fluorescence intensity have been reported ([@R9], [@R10], [@R24]--[@R26], [@R28]), whereas none demonstrated hundreds of barcodes with sizes below 100 nm.

In intensity barcoding implementations, distinguishable barcodes are usually realized by controlling the number of fluorophores per species, thus allowing the unambiguous detection of different intensity levels. Compared to geometrical barcodes, the key advantage of intensity barcodes is that they require neither the construction nor the detection of spatially resolvable fluorescent features. Thus, intensity barcodes could be much smaller.

Although intensity barcodes with thousands of colors have been proposed, in practice, only bulky and micrometer-sized barcodes have been constructed for hundreds of species ([@R8], [@R32]). This extended spatial size is necessary to ensure robust separation between intensity levels because these approaches lack the molecular tunability of fluorophore number, spacing, and positioning, leading to unwanted photophysical effects, such as self-quenching and Förster resonance energy transfer (FRET) ([@R33]) between dye molecules. Because our proposed metafluorophores feature precise molecular control over number, spacing, and arrangement of fluorophores in a nanoscale volume, they can serve as a platform for intensity barcodes without the discussed drawbacks.

Beyond the prescribed tunability of size, color, and brightness, the DNA origami approach also permits the use of other tunable optical properties to further increase the multiplexing level of metafluorophores. As an example of this approach, we report here metafluorophores with tunable photostability.

We also apply these metafluorophores as molecular barcodes in a multiplexed nucleic acid detection assay. By functionalizing distinctly colored metafluorophores with specific, single-stranded DNA handles, we are able to capture and subsequently identify and quantify a multitude of synthetic DNA targets.

Finally, we can also use DNA nanotechnology ([@R34]--[@R38]) to achieve control over both the position and the order of assembly of the structure's components. Specifically, using reconfigurable DNA monomers, we can explicitly control the location and kinetic pathway of the metafluorophore assembly. To demonstrate this, we implemented a triggered version of our metafluorophore that dynamically self-assembles from metastable monomers only in the presence of a biomolecular trigger in situ.

RESULTS
=======

Designing a metafluorophore
---------------------------

Nanoscale metafluorophores can be designed and fabricated with tunable properties. Structural DNA nanotechnology enables researchers to build nanoscale shapes and patterns with almost arbitrary complexity in a self-assembled fashion. Here, we use the DNA origami technique ([@R12], [@R14]) as a building platform for our metafluorophore.

In DNA origami, a long, single-stranded DNA molecule (called the "scaffold") is folded into programmable shapes by \~200 short, single-stranded DNA strands (called "staples") ([@R12]). Every staple has a defined sequence and specifically binds certain parts of the scaffold together. Structures are usually assembled in a one-pot reaction using thermal annealing. After the self-assembly is completed, the scaffold is "folded" into the desired shape, with the staple strands at prescribed positions in the final origami.

Here, we use a two-dimensional (2D), rectangular DNA origami consisting of 24 parallel DNA double helices with dimensions of 90 × 60 nm^2^ ([Fig. 1A](#F1){ref-type="fig"}, fig. S1, and tables S1 and S2). This specific structure contains 184 uniquely addressable staple strands, which can be functionalized to display a large variety of molecules, such as fluorophores, nanoparticles, etc. ([@R14]).

![DNA-based metafluorophores.\
(**A**) Labeling pattern for DNA origami--based metafluorophores. Cylinders represent DNA double helices. Selected strands are extended with 21--nucleotide (nt) handles on the 3′ end, which bind complementary fluorescently labeled antihandles. Labeling patterns are represented as pictograms, where each colored dot represents a dye-labeled handle. (**B** to **D**) Fluorescence intensities increase linearly with the number of dyes attached to a metafluorophore (here, up to 132 dyes per structure). Insets show diffraction-limited fluorescence images of metafluorophores and the corresponding labeling pattern. Image sizes, 1.2 × 1.2 μm^2^. (**E** to **G**) Metafluorophores allow dense labeling (\~5-nm dye-to-dye distance) without self-quenching. Pictograms illustrate dense and sparse labeling patterns for 14 dyes. Corresponding intensity distributions of the two patterns overlap for each color, showing no significant change in intensity. a.u., arbitrary units.](1602128-F1){#F1}

One modular and economic way to attach molecules of interest to this molecular pegboard is the use of so-called "handle" and "antihandle" strands ([@R12]). Here, the staple strand at the position where one wants to attach a molecule is extended with a 21-nt-long single-stranded handle sequence (table S3). The complementary antihandle is functionalized with the entity that should be arranged on the DNA origami structure ([Fig. 1A](#F1){ref-type="fig"}). Staples carrying the handle sequences and the functionalized antihandle strands are usually part of the one-pot assembly mix. Distinct target species can be attached to the origami pegboard by using orthogonal handle strand sequences ([@R26]).

To "label" targets with our DNA origami--based metafluorophore, we could use specific target-binding staple strands. Labeling can either be achieved by direct hybridization to a DNA or RNA strand on the target molecule (handle-/antihandle-binding) or be mediated by using antibodies or small-molecule binders for protein labeling ([@R39], [@R40]).

Tunable brightness
------------------

DNA origami has already proven useful as a versatile platform in many fluorescence applications, such as single-molecule studies ([@R41], [@R42]) and super-resolution microscopy ([@R41], [@R43]--[@R47]). Recently, DNA origami has been used to create brightness standards for fluorescence microscopy ([@R48], [@R49]).

Here, we engineered metafluorophores with tunable brightness. We designed DNA origami structures with a prescribed number of dyes, ranging from 6 to 132 ([Fig. 1A](#F1){ref-type="fig"} and fig. S2). We assembled each origami species using a staple strand mix that contained dye-labeled antihandle versus handle strands in a 2.25:1 molar ratio (protocol S1). After self-assembly and purification, the metafluorophores (carrying eight biotinylated capture strands) were immobilized on streptavidin-coated glass slides in custom-made flow chambers (protocol S2) ([@R26], [@R46], [@R47]).

Imaging was performed on a \~100 × 100--μm^2^ area containing \~1000 DNA origami structures, and single images were acquired for 10 s using light-emitting diode (LED) illumination on an inverted epifluorescence microscope (see the Supplementary Materials). Surface density was adjusted so that individual origami structures appeared as distinct bright spots in the fluorescent image. After image acquisition, a spot detection algorithm was used to identify individual DNA origami structures. In a subsequent step, a 2D Gaussian fit was performed within a 10 × 10--pixel^2^ area containing a spot. The volume under the Gaussian function was used as the measure of intensity. Narrow intensity distributions for experiments with only one metafluorophore population revealed that most of the spots are well-formed single DNA origami, which is in good agreement with earlier super-resolution studies ([@R50]).

Our structures showed a linear dependence of fluorescence intensity on the number of dyes. We confirmed this linear dependence for Atto 647N, Cy3, and Atto 488 dyes using DNA structures carrying up to 132 dyes per DNA origami ([Fig. 1](#F1){ref-type="fig"}, B to D, and figs. S3 and S4). Dyes were spaced approximately equidistantly (see pictograms) on the DNA origami. After evaluating optimal acquisition settings (figs. S5 and S6), measurements for all species were performed independently by analyzing \~10,000 molecules.

Intrinsic variations in measured fluorescence intensity are likely due to structure-to-structure variations on the number of dyes as well as stochastic properties of fluorescence emission of the dyes themselves ([@R51]). Extrinsic variations from sample to sample mainly originate from differences in image acquisition, such as slightly different focal planes or photobleaching. If the fluorescence emission from a dye molecule is not acquired in perfect focus, fewer photons will be collected, and thus, the measured intensity will be decreased. To minimize this effect, we used a focus-maintaining system. Repeated image acquisition of the same sample with intermittent refocusing yields mean-to-mean variations of \~5% (fig. S7). Additionally, each image acquisition "bleaches" the samples by \~0.8 to 2.8%, depending on the dye (fig. S8).

An important feature of a metafluorophore is its nanoscale size. To engineer and construct compact metafluorophores, dye molecules need to be spaced close together while preventing unwanted dye-dye interactions, such as self-quenching ([@R52]). To demonstrate that dye-dye interactions are effectively prevented in our metafluorophore design, we performed experiments with origami structures carrying 14 dyes with low labeling density (\~16-nm dye-to-dye distance) or 14 dyes with high labeling density (\~5-nm dye-to-dye distance) and compared their fluorescence intensity distributions ([Fig. 1](#F1){ref-type="fig"}, E to G, and fig. S9). Atto 647N--, Cy3-, and Atto 488--labeled structures with low and high labeling densities showed the same fluorescence intensities within our measurement accuracy.

Tunable color
-------------

A key requirement for multicolored nanoscale metafluorophores is the ability to tune brightness and color independently. As briefly mentioned above, our DNA-based metafluorophores can be "functionalized" with multiple orthogonal handle strands that can, in turn, bind spectrally distinct dye-labeled antihandle strands. Thus, we can design structures labeled with either Atto 647N, Cy3, Atto 488, or any combination thereof.

If spectrally distinct fluorophores are brought into close proximity (that is, closer than \~10 nm), they may exhibit FRET ([@R33]). In FRET, the fluorophore with the shorter excitation wavelength (donor) transfers energy to the fluorophore with the longer excitation wavelength (acceptor) through nonradiative dipole-dipole coupling. If FRET occurs, the donor dye's emission fluorescence intensity will be decreased, depending, inter alia, on the proximity and number of adjacent acceptor dyes.

To maintain prescribed fluorescence intensities when using multiple fluorescent colors in our metafluorophores, we must prevent potential FRET between spectrally distinct dye molecules. Thus, we investigated whether FRET occurs in our metafluorophore designs and thereby limits our capability to precisely design their fluorescence intensity and color. We first investigated a design with 44 randomly arranged Atto 647N, Cy3, and Atto 488 dyes ([Fig. 2](#F2){ref-type="fig"}, A to C, respectively, and fig. S10). This random arrangement was tested by comparing two different sample species: One contained all three dyes, and one contained only a single species. The resulting intensity distributions suggest that Atto 488 and Cy3 act as FRET donors because they exhibited a significant decrease in fluorescence intensity for the origami species containing possible acceptor fluorophores. The mean intensities for Atto 488 and Cy3 dyes were reduced by approximately 50 and 40%, respectively, compared to the control species with only one single fluorescent color. However, the mean fluorescence intensity for Atto 647N was unchanged because this dye lacked a potential FRET acceptor fluorophore.

![Multicolor metafluorophores.\
(**A** to **C**) "Randomly" labeled metafluorophores may result in significant decrease in fluorescence intensity (B and C) due to FRET, when labeled with spectrally distinct dyes. Metafluorophores with only 44 dyes of the same color serve as references (gray distributions). If Atto 647N, Cy3, and Atto 488 are all present on the same structure (44 dyes each), the intensity distributions (colored) for Cy3 (B) and Atto 488 (C) are significantly shifted to lower values. However, this fluorophore arrangement does not provide an acceptor for Atto 647N fluorescence; thus, its intensity distribution is not altered (A). Pictograms illustrate labeling patterns. (**D** to **F**) Column-like metafluorophore labeling pattern prevents energy transfer (FRET). Metafluorophores labeled with 44 dyes of one species (gray) show identical intensity distributions as structures labeled with all three species (colored). Pictograms illustrate labeling patterns.](1602128-F2){#F2}

The finding that FRET can alter fluorescence emission intensity of the metafluorophore by as much as 50% in randomly labeled structures limits our ability to control fluorescence color and intensity independently. However, the precise programmability of DNA origami allows us to increase the spacing of spectrally distinct dyes, thus preventing FRET while maintaining high labeling densities and nanoscale structure dimensions.

To prevent the undesired FRET, we changed the random dye layout to a "column-like" arrangement, where the three dye species are positioned in spatially distant zones ([Fig. 2](#F2){ref-type="fig"}, D to F, and figs. S10 and S11). Repeating the same experiments as in [Fig. 2](#F2){ref-type="fig"} (A to C), fluorescence intensities between multi- and single-color species were unchanged; thus, our modified column-like layout prevents FRET ([Fig. 2](#F2){ref-type="fig"}, D to F). This finding now allows us to tune the brightness and color of our metafluorophores independently. Having established the ability to engineer photophysical properties, such as intensity and color, we will next investigate potential applications of DNA-based metafluorophores.

Multiplexed tagging
-------------------

One of the most important features of metafluorophores is their usefulness as labeling probes for multiplexed target detection. We now have to consider the question of how to construct metafluorophores as multiplexed labels on the basis of intensity and color combinations. This poses the challenge that we need to be able to unambiguously identify prescribed intensity levels.

Because of stochastic photon emission, imperfect labeling, and incomplete staple incorporation, the DNA origami--based metafluorophores show a finite intensity distribution for a structure with a designed number of dyes ([Fig. 3A](#F3){ref-type="fig"}). If the intensity distributions of two distinct barcode levels (or numbers of dyes per structure) are engineered to have no overlap, each measured intensity value can be unambiguously assigned to a specific barcode. The number of distinct barcode species *N* scales as *N* = *a*^*b*^, with *b* being the number of spectrally distinct colors and *a* the number of distinguishable intensity levels per color.

![Metafluorophores for intensity barcoding.\
(**A**) Intensity distributions for Atto 488 (red, 6 dyes per structure; purple, 14 dyes; blue, 27 dyes; green, 44 dyes). Nonoverlapping intensity distributions can be achieved by the precise control over the number of dyes per metafluorophore. (**B**) Fluorescence image of 124 distinct metafluorophores deposited on a glass surface. Scale bar, 5 μm. (**C**) Matrix of representative fluorescence images of 124 distinct metafluorophores. (**D**) Metafluorophore-based intensity barcodes (124) in one sample. A total of 5139 barcodes were recorded, and all 124 barcode types were detected. (**E**) Subset of 25 of 124 barcodes. A total of 2155 barcodes were recorded, where 86.5% were qualified barcodes and 87.4% thereof were expected barcodes. (**F**) Subset of 12 of 64 barcodes. All barcodes have all three fluorophore species, making their detection more robust. A total of 521 barcodes were recorded, where 92.5% were qualified and 95.4% thereof were expected barcodes. (**G**) Subset of 5 of 20 barcodes. A total of 664 barcodes were recorded, where 100% were qualified and 99.6% thereof were expected barcodes.](1602128-F3){#F3}

With a maximum number of 132 staple strands available for modification and 3 distinct dyes, the largest number of dyes per color per structure is 132/3 = 44. The smallest number of dye molecules that can be robustly detected using our standard inverted fluorescence microscope is 6.

By measuring the width of the intensity distribution for different numbers of dyes on a DNA origami, we identified a total of four nonoverlapping levels that can be used in a barcoding application, corresponding to 6, 14, 27, and 44 dyes (fig. S12). Combinatorial labeling with three spectrally distinct dyes and five intensity levels (including 0), allows for a maximum of 5^3^ − 1 = 124 barcodes with our current design.

We tested our ability to design, fabricate, and robustly identify all 124 possible barcodes. After self-assembly and purification of the barcodes, we pooled and immobilized them in a streptavidin-modified flow chamber ([Fig. 3](#F3){ref-type="fig"}, B and C). Here, image acquisition was performed sequentially, starting with the longest wavelength and subsequently imaging the shorter wavelengths to minimize photobleaching. Data analysis (spot detection and intensity measurement) was performed as described above and carried out in each color channel separately. During image analysis, each detected spot (and thus barcode) was assigned a coordinate and corresponding intensity value for each color. Spots that appeared at the same position in two or more color channels (colocalization) were combined and assigned to the same metafluorophore (for details, see the Supplementary Materials).

To identify our metafluorophore with a specific barcode ID, the measured intensity values were compared to a lookup table to assign the correct intensity level (for details, see the Supplementary Materials). One can further obtain a lookup table for each sample acquisition by creating a histogram of all measured intensity values (fig. S12). This has the benefit of a "real-time" test for sample performance (for details, see the Supplementary Materials). The overlap of adjacent distributions is an important measure for barcoding performance because it represents intensity levels that cannot be unambiguously assigned to a specific barcode level. To quantify this overlap and discard corresponding barcodes, we fitted a Gaussian function to the intensity distribution of each level. The intersection points of adjacent Gaussians were calculated and subsequently used to determine regions without overlap (for details, see the Supplementary Materials).

Our ability to fabricate and identify all possible 124 barcodes in one sample is demonstrated in [Fig. 3D](#F3){ref-type="fig"}. Variations in molecule counts are due to different DNA origami concentrations, likely introduced in their folding and purification process.

To benchmark the barcoding performance of our metafluorophores, we studied subsets of barcodes (that is, only 25 of the possible 124 barcodes in one sample) and introduced the following measures: From all detected metafluorophores, those with valid intensity values (for example, outside levels of overlapping intensity distributions) are qualified barcodes. As barcode subsets are measured, these qualified barcodes may consist of two subpopulations: expected barcodes (that is, the 25 barcodes in the sample) and unexpected (or false-positive) barcodes (the 99 barcodes not present in the sample). Consequently, we defined a signal-to-noise ratio (SNR) as 〈expected〉/〈unexpected〉. Together, these measures determine the overall performance of our barcoding system.

The first subset contained 25 randomly selected barcodes of the 124 barcodes in [Fig. 3D](#F3){ref-type="fig"} ([Fig. 3E](#F3){ref-type="fig"} and table S4). We measured 2155 spots, of which 13.5% were discarded as unqualified barcodes with intensity values within overlapping regions. The discarded spots included misfolded structures as well as spots comprising multiple barcodes (that is, spaced closer than the spatial resolution of our imaging system). For this 25-barcode subset, 87.4% of the qualified barcodes were the expected ones. We determined an SNR of 27. A substantial population of false positives were single-colored barcodes with low fluorescence intensities (that is, identified as "6-0-0," "0-6-0," or "0-0-6"). We hypothesize that this is an artifact arising from fluorescent surface impurities.

In case the maximum multiplexing capacity is not required, more robust barcode sets with higher performance can be designed. One strategy is to use three-color barcodes (that is, all three colors must be present for each barcode species), making detection and identification more robust (that is, allowing the rejection of single- and double-colored spots). A total of 4^3^ = 64 three-color barcodes can be constructed using our current metafluorophore design. We benchmarked these barcodes by acquiring a subset of 12 structures ([Fig. 3F](#F3){ref-type="fig"} and table S5). Here, 512 spots were detected, and 92.5% were qualified barcodes, of which 95.4% were the expected ones. The SNR was determined to be 90.

Another strategy is to reduce the number of intensity levels, thereby reducing overlapping intensity distributions. As a demonstration, we constructed barcodes with three intensity levels (0, 14, and 44 dyes). Additionally, barcodes were required to consist of at least two colors, allowing a maximum of 3^3^ − 6 − 1 = 20 distinguishable barcodes. We measured a subset of 5 barcodes (*N* = 664) with a qualification ratio of 100%; that is, all detected spots were positively identified as valid barcodes ([Fig. 3G](#F3){ref-type="fig"} and table S6). Here, only three false positives were counted, yielding 99.6% expected barcodes.

We note that the number of barcodes in a subset is a crucial factor when evaluating the barcoding performance of a system. When using large subsets, one may make a false identification of a spot without noticing because the identified barcode may also be part of the used subset. On the opposite side, when using a small subset, identification accuracy may be biased because only a small fraction of the barcodes is tested.

Ultrasensitive, quantitative, and multiplexed nucleic acid detection
--------------------------------------------------------------------

Multiplexed detection applications are readily realized by combining the metafluorophore's reliable identification capabilities with barcode-specific target recognition. Inspired by the NanoString nCounter digital nucleic acid quantification system, where structurally flexible, surface-immobilized, and geometrically encoded fluorescent barcodes are used in highly multiplexed digital counting of molecular targets ([@R22]), we implemented a multiplexed in vitro nucleic acid detection assay using metafluorophores. Similarly, our method allows for highly multiplexed molecular quantification with in-principle similar multiplexing capability. Compared to the nCounter system, our metafluorophore-based assay has four unique advantages. First, our method has a much simpler operational workflow: Our system does not require electrophoretic stretching of the structurally flexible barcodes or sophisticated software to decode these geometrical patterns; additionally, no target-barcode purification is required. Second, because the metafluorophore can pack many more dyes per area \[132 dyes on one origami (90 nm × 60 nm) in contrast to 1 dye per 50 base pairs (17 nm) for nCounter\], it enables faster image acquisition speed and thus higher throughput (because we have brighter spots). Third, the higher dye density also allows the use of potentially simpler, lower-cost, and standard imaging platforms (we used commercially available confocal and widefield microscopes). Finally, the metafluorophore is manufactured using a simple one-pot self-assembly reaction that, in principle, can be fully automated rather than labor-intensive manual in vitro transcription methods.

In our detection assay, each nucleic acid target (here, eight synthetic DNA strands) was associated with a metafluorophore. The chosen metafluorophores were programmed to specifically bind the target by replacing the eight biotinylated staples (previously used to attach the metafluorophore to the surface) with staples that are extended with a target-complementary 21-nt-long sequence at the 5′ end. To increase the chance of hybridization (and thus the speed of the detection), we used eight target-specific strands per metafluorophore. Because of their high excess over targets, we expect each metafluorophore to bind either one or no target. To detect the target-metafluorophore duplexes on a microscopy slide (comparable to the experiments in [Fig. 3](#F3){ref-type="fig"}), we introduced a biotinylated DNA strand ("capture strand") complementary to a second 21-nt region on the target (see [Fig. 4](#F4){ref-type="fig"}, A and B).

![Quantitative nucleic acid detection.\
(**A** and **B**) Schematic of the hybridization reaction. A metafluorophore is programmed to hybridize to part (green) of a specific nucleic acid target. A biotinylated capture strand binds to a second region (red) and thus immobilizes the complex on a streptavidin-coated surface, yielding fluorescence images comparable to [Fig. 3B](#F3){ref-type="fig"}. Each positively identified metafluorophore indicates a single copy of a nucleic acid target. (**C**) The number of detected targets is directly proportional to their concentration in the sample of interest. Targets were added with defined concentrations (blue bars) and subsequently identified in the expected ratios (green bars). Five different field of views have been recorded, enabling the calculation of error bars. The lowest target concentration \[target 3 (t3) and target 4 (t4)\] was 1.5 pM. Target 1 (t1) and target 2 (t2) were not added, and corresponding identifications are due to nonspecific binding of metafluorophores to the surface and potential false-positive identifications.](1602128-F4){#F4}

The three components were combined in a hybridization buffer and incubated for 24 hours (see Materials and Methods). We chose concentrations of 1 nM biotinylated capture strands and approximately 250 pM metafluorophores per target. With this high excess of metafluorophores over targets, we assumed that every target molecule was labeled with one barcode. Targets were added in different amounts to assay quantification and sensitivity (see [Fig. 4C](#F4){ref-type="fig"} and table S7). After incubation, the mixture was added into streptavidin-coated flow chambers as before and incubated for 10 min. The chamber was subsequently washed and sealed.

Data acquisition can be performed on a large variety of fluorescence microscopes. Widefield microscopes, as used in the characterization of the fluorescently labeled DNA origami described above, can efficiently record large areas and are readily available in many laboratories and so are laser scanning confocal microscopes. To demonstrate that the metafluorophores can be platform-independently identified in a robust fashion and thus easily used in most laboratories, we used confocal microscopes for data acquisition in the nucleic acid detection experiments.

To assess the precision of this nucleic acid detection platform, we designed eight capture-target-metafluorophore triplets and added different amounts of six targets to the reaction. The remaining two targets were not added and, thus, indicated barcodes nonspecifically bound to the surface (that is, without cognate target) and false positives as before (see fig. S13 for exemplary fluorescent image). The number of detected triplets is directly proportional to the initial target concentration, and the targets can thus be quantified relative to each other. [Figure 4C](#F4){ref-type="fig"} shows the successful detection and precise quantification of targets with initial concentrations of 13.5, 4.5, and 1.5 pM, the latter corresponding to a target amount of only \~100 fg. The number of counted metafluorophores has been adjusted by using a calibration sample with equally concentrated targets, to minimize effects of unequal initial concentrations (fig. S14).

Additional metafluorophore properties
-------------------------------------

Beyond brightness and color, we can use additional dye properties to expand the tunability of our metafluorophores. This is done by the controlled modification of the structures with groups of fluorescent molecules displaying the desired property. Suitable dye properties include fluorescence lifetime, the ability to photoactivate and switch, and photostability. These parameters can be tuned independently, similar to brightness and color, thus presenting additional orthogonal axes of adjustability. This is especially valuable for multiplexed tagging because the number of unambiguous labels scales with the power of independent parameters.

Here, we demonstrate the differentiation and identification based on the photostability of dyes. As a proof of concept, we designed metafluorophores that contained two dyes with similar emission spectra but different photostability under our imaging conditions. We chose Atto 647N as a dye with slower bleaching constant (that is, more photostable) and Alexa 647 as a dye with faster bleaching constant (that is, less photostable). In a time-lapsed image acquisition experiment, the structures containing Alexa 647 dyes bleach faster than the ones with Atto 647N dyes. As the fluorescence intensity decreases exponentially, we can measure the decay constant, which is then used as a parameter for photostability.

[Figure 5A](#F5){ref-type="fig"} shows a time-lapsed series of images of the two types of structures in one sample, where one species bleaches faster than the other. Metafluorophores that contain multiple orthogonal properties can be identified in a multidimensional graph ([Fig. 5B](#F5){ref-type="fig"}). For example, we can plot the bleaching (or decay) constant versus the fluorescence intensity. Distinct populations corresponding to different metafluorophore configurations can be easily separated and identified ([Fig. 5B](#F5){ref-type="fig"}). A 1D histogram of the decay constants ([Fig. 5C](#F5){ref-type="fig"}) demonstrates that the photostability can be used as an orthogonal tunable metafluorophore property, similar to intensity discussed above.

![Metafluorophores with different photostability.\
(**A**) Time-lapsed fluorescence micrographs of a sample composed of two spectrally indistinct metafluorophore species: one containing 44 Atto 647N dyes (more photostable) and one containing 44 Alexa 647 dyes (less photostable). Images were acquired at *t*~1~ = 0 s, *t*~2~ = 20 s, and *t*~3~ = 40 s, with an integration time of 10 s, whereas the sample was constantly illuminated during acquisition. The time-lapsed micrographs show two species where one bleaches faster than the other. The two species can be visually identified by superimposing the images taken at *t*~1~ (false color blue) and *t*~3~ (false color yellow). The metafluorophore containing more photostable dyes (that is, Atto 647N) appears green (blue + yellow), whereas the one with the less photostable dyes (that is, Alexa 647) appears blue. The fluorescence decay constant can be used as a parameter to quantitatively describe the photostability. The decay constant is obtained by fitting a single exponential decay to the intensity versus time trace. Scale bars, 5 μm. (**B**) Intensity versus decay constant histograms for three different metafluorophore samples containing Atto 647N dyes (green), Alexa 647 dyes (blue), and both dyes (red), respectively (note that only one species was present in each sample). (**C**) 1D histogram of the decay constants shows three distinguishable decay constant distributions (schematics in the legend show the dye arrangement on the metafluorophores).](1602128-F5){#F5}

Triggered assembly of metafluorophores
--------------------------------------

DNA nanotechnology allows us to program the formation of metafluorophores in an environmentally responsive fashion: Structures can be programmed to form only upon detection of a user-specified trigger. By building on previous triggered assembly schemes ([@R34], [@R36]), we use here short fluorescently labeled, metastable hairpins that assemble into a finite triangular structure if, and only if, a target molecule acting as trigger is present ([Fig. 6A](#F6){ref-type="fig"} and table S8). As a proof-of-concept study, we showed the in vitro triggered assembly of a prescribed-size (10 dyes) triangular metafluorophore using a trigger strand, immobilized by a dye-labeled capture strand on a glass surface.

![Triggered assembly of metafluorophores.\
(**A**) Schematic of triggered assembly of triangular metafluorophores constructed from 10 metastable Cy3-labeled DNA hairpin strands. A so-called capture strand (labeled with Alexa 647) is attached to a glass surface via biotin-streptavidin coupling. A long "trigger strand" can hybridize to the capture strand. The trigger strand consists of four concatenated domains, "1-A," where the subdomain "1" is 20 nt long and the subdomain "A" is 12 nt long. Hairpin strands coexist metastably in the absence of the trigger and only assemble into the desired structure upon exposure to the trigger. More specifically, the introduction of a repetitive single-stranded trigger initiates the assembly of kinetically trapped fluorescent hairpin monomers, which produce a second row of binding sites. These binding sites further enable the assembly of successive rows of monomers, with each row containing one fewer monomer than the previous. After assembly of 10 hairpins (labeled with Cy3) to a single trigger strand, no further trigger sequences are displayed, and assembly is terminated, yielding a triangular-shaped metafluorophore of fixed dimensions. (**B**) Fluorescence images of triangles assembled in situ on a glass surface. The capture strands are labeled with Alexa 647 (red), whereas the hairpins are labeled with Cy3 (green). DNA origami with 10 Cy3 and 44 Atto 488 (blue) dyes were added to the sample as intensity references. DNA origami can be identified at the positions where Atto 488 and Cy3 signals colocalize. In the schematic below the overlay fluorescence image, the blue spot indicates the Atto 488--labeled origami marker; green spots indicate the expected overlay of Alexa 647--labeled capture strand and the triangle composed of Cy3-labeled hairpin monomers. Gray crosses indicate nonspecific binding of hairpins to the surface. Scale bars, 1 μm. (**C**) Triangular metafluorophores (green) and reference DNA origami (blue) intensity distributions are overlapping, thus indicating the formation of the triangles as expected.](1602128-F6){#F6}

First, an Alexa 647--labeled and biotinylated capture strand and a trigger strand were annealed and immobilized on a glass surface coated with bovine serum albumin (BSA)--biotin--streptavidin. Second, Cy3-labeled metastable hairpins were flown in and incubated for 60 min (protocol S3). Last, DNA origami--based metafluorophores carrying 44 Atto 488--labeled and 10 Cy3-labeled strands were bound to the surface, as intensity reference.

Image acquisition was carried out by sequentially recording the Alexa 647, Cy3, and Atto 488 channels ([Fig. 6B](#F6){ref-type="fig"}). Colocalization in the Alexa 647 and Cy3 channels represents the triangles, whereas Atto 488 and Cy3 colocalization identifies the origami references.

To benchmark the formation performance of the triangles, we compared the intensities of the origami reference structures with the intensities of the triangles in the Cy3 channel ([Fig. 6C](#F6){ref-type="fig"}). Gaussian fits to both intensity distributions reveal an almost perfect overlap with a mean-to-mean variation of less than 2%, suggesting successful triangle formation. Both the formation of the triangle in the presence of the trigger and the metastability of the hairpins in the absence of the trigger were further confirmed by a formation gel assay (fig. S15 and protocol S4).

We note that the triggered assembly scheme used here demonstrates a number of novel features compared to previous triggered assembly schemes. Unlike hybridization chain reaction (HCR) ([@R34]), which produces a linear polymer structure of unspecified length, a structure of precisely defined size and shape is formed here. Additionally, unlike previous triggered assembly of defined-size structures \[for example, dendrimers ([@R36]) and tetrahedron ([@R35])\] that uses a large number of unique monomer species, the scheme here uses only one monomer species, and its final size and shape are controlled by the length of the trigger strand.

We expect the triggered formation of the metafluorophore to be particularly useful for future in situ imaging applications: The fluorescent hairpin monomers, upon detecting a trigger attached to the target (for example, an mRNA or a protein), will form the metafluorophore in situ. Compared to structures preformed ex situ, the in situ ones have two critical conceptual advantages. First, the monomer has a smaller size than the metafluorophore and thus can more easily penetrate deep tissues with faster diffusion kinetics. Second, because the bright metafluorophore only forms at the target site, possible false positives caused by nonspecific interactions of preassembled barcodes with cellular components can be avoided, and the signal amplification at the target site that resulted from the triggered aggregation of fluorescent monomers will help to increase signal-to-background ratios.

Related in situ fluorescence imaging approaches have been demonstrated with great success, such as single-molecule fluorescence in situ hybridization (smFISH) ([@R9], [@R53], [@R54]) and HCR ([@R34], [@R55]). Compared to previous approaches, metafluorophores have several conceptual advantages. Compared to smFISH, the tunability of our metafluorophores allows us to assemble more complex structures at the target site by, for example, using a transducer (initiator) molecule that is used to program complex structure assembly on-site. Compared to HCR, where the length of the polymerization and, thus, the number of fluorophores per target are not well defined, the metafluorophore has a precisely defined size and, thus, controlled intensity, which may eventually lead to higher multiplexing capability.

DISCUSSION
==========

Here, we introduced the concept of a metafluorophore, which can be viewed as a new kind of dye with digitally tunable optical properties, can be hundreds of times brighter with arbitrarily prescribed intensity levels, and has digitally tunable "color." We implemented this concept using DNA origami--based self-assembled nanostructures and were thus able to design metafluorophores with high labeling density (\~5-nm dye-to-dye distance) while preventing self-quenching. Furthermore, the precise spatial control over dye positions on the nanostructures allowed us to successfully construct nanoscale multicolor metafluorophores, where FRET between spectrally distinct dyes is prevented.

Combining these features, we were able to construct 124 unique intensity barcodes for high-content imaging. We demonstrated the feasibility of this approach, benchmarked the in vitro performance, and showed the high specificity, identification accuracy, and low false-positive rate.

We also demonstrated the ultrasensitive detection and precise quantification of nucleic acids in an easy, multiplexed, and fast assay. Beyond surface-based microscopy applications, the combination of high brightness, small size, and high multiplexing capacity of metafluorophores suggests potential future applications, such as flow cytometry and fluorescence-activated cell sorting (a subtype of flow cytometry) for high-throughput identification. We also envision our DNA nanostructure--based metafluorophores to be extended to even smaller sizes by using the recently developed single-stranded tile assembly approach ([@R15], [@R16], [@R56]). Finally, we envision our metafluorophores based on triggered assembly to be a particularly useful tool for improving SNR and labeling efficiency in quantitative smFISH applications.

MATERIALS AND METHODS
=====================

DNA origami self-assembly
-------------------------

Self-assembly was performed in a one-pot reaction with a total volume of 20 μl containing 10 nM scaffold strands (M13mp18), 100 nM folding staples, 150 nM biotinylated strands, 100 nM strands with dye-handle extension, and 225 nM fluorescently labeled antihandles in folding buffer (1× TAE buffer with 12.5 mM MgCl~2~). The solution was heated up to 65°C for 5 min and subsequently cooled down to 4°C over the course of 1 hour. DNA origamis were purified by agarose gel electrophoresis (1.5% agarose and 1× TAE buffer with 12.5 mM MgCl~2~) at 4.5 V/cm for 1.5 hours on ice. Gel bands were cut, crushed and filled into a Freeze 'N Squeeze column, and spun for 5 min at 1000*g* at 4°C.

Microscopy sample preparation
-----------------------------

Coverslips (No. 1.5, 18 × 18 mm^2^, \~0.17 mm thick) and microscopy slides (3 × 1 inch^2^, 1 mm thick) were cleaned with isopropanol. Flow chambers were built by sandwiching two strips of double-sided sticky tape between the coverslip and the glass slide, resulting in a channel with a volume of \~20 μl. The channel was incubated with 20 μl of BSA-biotin solution (1 mg/ml) in buffer A \[10 mM tris-HCl, 100 mM NaCl, and 0.05% Tween 20 (pH 8)\] for 2 min. The chamber was subsequently washed with 40 μl of buffer A, then incubated with 20 μl of streptavidin solution (0.5 mg/ml) in buffer A for 2 min. Next, a buffer exchange was performed by washing the chamber with 40 μl of buffer A, followed by addition of 40 μl of buffer B \[5 mM tris-HCl, 10 mM MgCl~2~, 1 mM EDTA, and 0.05% Tween 20 (pH 8)\]. Then, 20 μl of buffer B with \~300 pM DNA origami metafluorophores was added and incubated for 2 min and subsequently washed with 40 μl of buffer B. Finally, the chamber was sealed with epoxy before imaging.

Image acquisition parameters
----------------------------

Image acquisition parameters for [Figs. 1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}, and [5A](#F5){ref-type="fig"} were integration time of 10 s and LED power of 60%, whereas parameters for [Figure 5B](#F5){ref-type="fig"} were integration time of 5 s and LED power of 60%. The decay constant was determined by acquiring a series of 10 consecutive frames and fitting the intensity versus time trace with a single exponential decay function. Data acquisition was performed on a Zeiss Axio Observer microscope with Colibri LED light source.

Multiplexed nucleic acid detection
----------------------------------

Incubation was performed at room temperature in saline-sodium citrate (SSC)--based hybridization buffer \[4× SSC, 5× Denhardt's solution, 5% dextran sulfate, 0.1% Tween 20, and salmon sperm DNA (0.1 mg/ml)\]. Flow chamber volume was designed to be \~5 μl. Data acquisition was performed on a Zeiss LSM 780 confocal microscope.

Triggered assembly on a surface
-------------------------------

Capture and trigger strands were annealed in a thermocycler directly before adding to the sample at 1 μM in 1× TAE with 12.5 mM MgCl~2~ and 0.05% Tween 20 (85°C for 5 min, gradient from 85° to 10°C in 15 min). Hairpin strands were annealed in a thermocycler directly before adding to the sample at 1 μM in 1× TAE with 12.5 mM MgCl~2~ (85°C for 5 min, gradient from 85° to 10°C in 15 min). A flow chamber (see above) was prepared with three layers of sticky tape, resulting in a volume of \~60 μl. The chamber was then incubated with 60 μl of BSA-biotin solution (1 mg/ml) in buffer A for 2 min and then washed with 120 μl of buffer A. Next, the chamber was incubated with 60 μl of streptavidin solution (0.5 mg/ml) in buffer A for 2 min, followed by a washing step with 120 μl of buffer A. Subsequently, a buffer exchange was performed by adding 120 μl of buffer C (1× TAE with 12.5 mM MgCl~2~ and 0.05% Tween 20). Then, 60 μl of buffer C with 25 pM annealed capture-trigger duplexes were added and incubated for 1 min. The chamber was washed with 120 μl of buffer C and incubated with 60 μl of 100 pM DNA origami standards for 2 min. After washing with 120 μl of buffer C, 60 μl of buffer C with 30 nM annealed hairpin was added. After 20-min incubation, the chamber was washed with 120 μl of buffer C. Hairpin incubation was repeated three times. Finally, the chamber was washed with 120 μl of buffer C and sealed with epoxy before imaging.
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======================
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